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Abstract ─ In production testing, it is of importance to 
measure the key radiation parameters of an antenna 
under test (AUT), e.g., main beam peak and direction, 
sidelobes, and null depth and direction in a cost-effective 
setup with a short measurement time. As a result, 
practical measurement setups are often compact and 
equipped with only a few probes (or probe locations). 
However, these system limitations would introduce 
errors for AUT antenna testing. This problem has 
become even more pronounced for 5G radios due to 
utilization of large-scale antenna configuration and high 
frequency bands. Spherical near-field measurements are 
nowadays an accurate and mature technique for 
characterizing AUTs, which however, necessitates a full 
spherical acquisition, leading to a long measurement 
time. Single-cut near-to-far-field transformation is a 
promising strategy since most of the key AUT 
parameters are available in the single-cut pattern and it 
requires much reduced measurement time. In this work, 
a simple and flexible scheme is proposed to evaluate 
errors introduced by limitations in practical setups for 
single-cut far-field (FF) antenna radiation pattern 
reconstruction, where the near-field data can be easily 
generated and modified according to the limitations 
introduced in practical multi-probe anechoic chamber 
setups, e.g., measurement distance, truncation range, and 
sampling interval. The reconstructed FF pattern is 
obtained using a commercial near-field to far-field 
transformation tool, SNIFT. The proposed scheme is 
numerically validated via comparing the reference FF 
pattern of a 4 × 8  uniform planar array composed of 
ideal Hertzian dipoles and reconstructed FF pattern. 
With the proposed scheme, the impact of practical 
system limitations on single-cut reconstruction accuracy 
can be easily analyzed. 
 
Index Terms ─ Antenna pattern measurement, near-
field far-field transformation, near field measurement, 
over-the-air testing, and single-cut antenna pattern. 
 
I. INTRODUCTION 
The ever-increasing demand for high data-rate, 
reliable and ubiquitous wireless communication has 
motivated research towards the fifth generation (5G) 
communication system and beyond [1-3]. This has been 
made possible, thanks to key radio frequency (RF) and 
antenna technologies, e.g., millimeter-wave and sub-
THz frequency, large system bandwidth, large-scale 
antenna configuration, and integrated and low-cost RF 
front-end design. It is essential that we should measure 
large-scale antenna arrays (e.g., massive multiple-input 
multiple-output (MIMO) base stations) in a fast, 
accurate, and cost-effective manner. This has become 
more important and urgent due to the massive 
installation of large-scale antenna systems in cellular, 
satellite and military applications. The far-field antenna 
radiation pattern is one of the most important metrics to 
evaluate the radiated performance of the antenna system. 
However, it is getting more expensive and time-
consuming, as the antenna under test (AUT) is getting 
larger and more complicated. Furthermore, over-the-air 
(OTA) testing is seen inevitable for future highly 
integrated antenna systems [4-9].  
The antenna pattern measurement methods may be 
grouped into two categories including near-field (NF) 
and far-field (FF) ranges. Classical NF measurement 
techniques are based on the NF measurement of 
antennas, and the antenna FF is subsequently calculated 
through the near-field to far-field transformation. The 
amplitude and phase response of the AUT are sampled 
at a regular sampling grid with a well-designed 
measurement probe. Though highly accurate and mature 
in the industry, this method, however, requires both 
accurate amplitude and phase measurement of the AUT 
over a large sampling surface (i.e., full scan), and it also 
necessitates high-accuracy positioners [10]. The 
measurement time also becomes prohibitive when the 
electrical size of the AUT becomes large. Different FF 
methods have been extensively employed in the 
industry, e.g., direct-far-field (DFF), compact antenna 
test range (CATR) and plane wave generator (PWG) [11, 
12]. The basic principle of DFF is that a plane wave at 
the antenna can be directly approximated if the 
measurement range is no smaller than the Fraunhofer FF 
distance. However, the requirement of measurement 
range might lead to large (and therefore expensive) 
anechoic chambers and link budget (i.e., small dynamic 
range) problems [13], especially for large-scale AUTs. 
The CATR generates a plane wave using transformation 
with a parabolic reflector in a much shorter distance than 
the DFF method. The PWG can also enable over-the-air 
(OTA) testing directly in the far field at a reduced 
distance, by exciting the PWG array elements with 
suitably optimized complex coefficients. The CATR and 
PWG offer a good dynamic range due to reduced 
measurement range. However, the setup cost is rather 
expensive for massive deployment. In [14, 15], a mid-
field (MF) method is proposed and validated to achieve 
OTA RF measurement, including AUT FF antenna 
patterns, transmit and receive performance metrics. The 
method presents some unique advantages. For example, 
it can significantly reduce the measurement distance; it 
only requires simple transformation from MF to FF 
results and it does not need phase measurement. 
However, it still requires some knowledge of the AUT 
(i.e., a grey-box solution) and measurement samples on 
two different radiated NF test distances to reconstruct the 
far-field results. A review of some recent advances in 
antenna measurements can be found in [16]. 
In practice, it is important and sometimes sufficient 
to rapidly determine several key antenna radiation 
parameters of the AUT, including antenna pattern peak 
power and direction, null depth and direction, and 
sidelobe level and direction, rather than to measure the 
full 3D radiation pattern. Single-cut FF patterns (e.g., in 
the E-plane or H-plane) are therefore of interest in 
practice since these key parameters are available in the 
single-cut pattern [17]. Furthermore, single-cut far field 
patterns can significantly reduce the NF measurement 
time. Many efforts have been taken to investigate the 
possibility of obtaining single-cut FF patterns from NF 
measurement data [17-21]. In this work, the objective is 
to investigate whether we can accurately reconstruct the 
single-cut FF pattern of the AUT in a cost-effective 
anechoic chamber setup equipped only with a few probe 
antennas. It is of importance to understand how 
limitations in practical setups would affect the 
reconstruction accuracy of the single-cut FF antenna 
array radiation pattern. More specifically, we are 
interested in how the single-cut FF pattern reconstruction 
accuracy is affected by practical systems: 
• Compact measurement setup. A large 
measurement setup will take large floor-space, 
which can be very expensive, especially when 
many measurement facilities are required for 
massive production testing. For production 
testing purposes, the measurement range is 
often limited, e.g., up to 1 m. 
• Short measurement time. Measurement time is 
one of the key performance indicators in 
antenna measurement, due to the massive 
amount of AUTs to be tested and many RF 
parameters to be examined for a single AUT. In 
production testing, only a few measurement 
probe antennas might be available to reduce the 
measurement time. For single-cut 
measurements, this means that the measured 
accuracy might suffer from truncation error 
(introduced by a limited angular range covered 
by the probe antennas) and under-sampling 
error (introduced by the large sample spacing 
due to limited number of probe antennas).  
• “Black-box” approach. In many cases, we 
might lack knowledge of the AUT design. 
Therefore, it is desirable that the testing method 
can be applied for any DUT, without 
knowledge of the DUT. This aspect is 
inherently covered by the spherical near field 
antenna measurement since the AUT is treated 
as black-box design. 
The paper is organized as follows. We describe our 
strategy to reconstruct the single-cut FF antenna array 
pattern in Section II. After that, we numerically 
investigate how limitations in practical setups would 
affect the reconstruction accuracy of the single-cut FF 
antenna array radiation pattern. Section IV discusses the 
future work and concludes the paper. 
 
II. METHOD 
A. AUT configuration 
Without loss of generality, a 4 × 8 UPA composed 
of ideal z-oriented Hertzian dipoles with an element 
spacing of 0.65𝜆 at 3.5 GHz (i.e., 56 mm) is utilized as 
the AUT. The Hertzian dipole is selected for the array 
element since it is the simplest radiation source [22]. The 
array configuration is selected to mimic a realistic 5G 
base station antenna array configuration. The size of the 
UPA is 5.2𝜆 × 2.6𝜆  at 3.5 GHz (i.e., 446 mm ×  223 
mm) including the antenna element size, and the array 
element excitations can be individually controlled for the 
AUT, to synthesize various antenna array radiation 
patterns. In the simulation, the mutual coupling among 
array elements is not considered for the sake of 
simplicity, though it is important for BS antenna 
performance [23]. To avoid a completely symmetric 
AUT radiation pattern (therefore potentially over-
simplifying the research problem), 28 antenna elements 
(marked in grey) are excited with phase 0∘ while the rest 
4 antenna elements (marked in black) are excited with 
phase −90∘, as indicated in Fig. 1. Uniform amplitude 
excitations are allocated for all antenna elements in the 
AUT. Note that other array configurations and element 
excitations can be set as well following the same 
procedure. 
 
Fig 1. An illustration of the AUT configuration and 
element excitations. 
 
B. Problem Statement 
Following the standard spherical near field theory 
[24], the required number of spherical wave modes to 
fully reconstruct the AUT FF antenna pattern can be 
calculated according to the array geometry ( 𝐷𝑦 =








+ 𝜉 ≈ 8 + 𝜉,   (2) 
where 𝜉 is the margin [25]. The maximum permissible 
sampling increments using standard spherical near field 
theory in 𝜃  and 𝜙  should satisfy, Δ𝜃 <
𝜋
𝑁




respectively. Therefore, the number of spherical wave 
modes required is at minimum 𝑀 ⋅ 𝑁 = (8 + 𝜉)(16 +
𝜉) = 128 + 24𝜉 + 𝜉2. Using the standard spherical near 
field theory, we can obtain the full 3D FF pattern of the 
AUT, yet a large number of samples is required. As 
explained, for many applications, it is important to 
rapidly obtain the AUT FF pattern key parameters, 
including, e.g., array pattern peak power and direction, 
side-lobe power and direction, and null depth and 
direction, which are included the AUT single-cut FF 
antenna pattern within a certain angular region (e.g., 
±50∘ around the main beam peak). 
In this work, we aim to reconstruct the single-cut FF 
pattern in a cost-effective measurement setup, where the 
number of probe antennas is limited to around 10 and the 
measurement range is limited to 1 m. A diagram of the 
setup is shown in Fig. 2. Note that the maximum size for 
an AUT with far-field distance of 1m is 𝐷 = 207 mm at 
3.5 GHz. Therefore, the far-field criterion is not fulfilled 
for the considered AUT and measurement range. To 
reduce the setup cost and measurement time, it is of 
importance to understand the impact of measurement 
range, number of probe antennas (i.e., finite samples) 
and truncation error (i.e., finite angular region covered 
by the probe antennas) on the accuracy of the 
reconstructed single-cut FF pattern. These aspects are 
considered in this work. 
 
 
Fig. 2. Diagram of the multi-probe setup and a DUT. 
 
In this article, two methods to obtain the AUT FF 
patterns are employed. With the first method, the NF and 
FF field pattern of the AUT composed of the 32 Hertzian 
dipoles with known excitation can be directly calculated 
according to the well-defined field radiation 
characteristics of Hertzian dipoles [22]. The other 
method to obtain the FF pattern is to use spherical near-
field to far-field transformation method. In our work, 
SNIFT developed by TICRA is utilized for this purpose 
[24, 26]. The input NF data of SINFT is directly 
calculated from the known AUT (using the field pattern 
of the AUT), while the FF data is directly available at the 
SNIFT output. Ideal probe antennas (i.e., RF transparent 
probe antennas with isotropic antenna patterns) are 
assumed for the sake of simplicity, though it is not a 
limitation of SNIFT. 
The calculated NF gain pattern at 𝑅 = 0.5  m in 
Matlab is shown in Fig. 3, as an example. Using the NF 
data recorded at 𝑅 = 0.5 m as input data, the FF pattern 
can be obtained using SNIFT, as shown in Fig. 3. The 
single-cut NF patterns (i.e., with 𝜙 = 0∘) at 𝑅 = 0.5 m 
and FF distance are compared in Fig. 3. The FF pattern 
is not completely symmetric due to the non-symmetric 
AUT element excitation, as explained. The main beam 
and nulls in the NF pattern are not as obvious as in the  
 
 
Fig. 3. Calculated NF pattern (𝑅 = 0.5 m) of the AUT in 
Matlab and FF pattern using SNIFT (input NF data at 
𝑅 = 0.5 m). 
 
FF pattern due to the small measurement distance, as 
expected. Therefore, there is a need for near-field to far-
field transformation techniques to reconstruct the FF 
results based on NF data. 
To validate whether our NF and FF calculations of 
the AUT based on radiated field of the Hertzian dipoles 
are correct, we can calculate the FF AUT pattern in 
Matlab and compare it with the FF pattern obtained from 
SNIFT, as shown in Fig. 3. The single-cut FF patterns 
using the two methods are also shown in Fig. 3. An 
excellent match is achieved within a range of 45 dB, 
which demonstrates the validity of our NF and FF 
calculations based on radiated field of the Hertzian 
dipoles. 
 
C. Proposed strategy 
To measure the ideal single-cut FF pattern, the 
measurement distance 𝑅  should satisfy far-field 
assumption while we have a sufficient number of 
samples, e.g., with 1∘ step to capture all details in the FF 
pattern. This, however, is not feasible for many 
measurement scenarios. As explained, it is desirable that 
we should reconstruct the single-cut FF pattern of the 
AUT in a fast and cost-effective manner. As for a 
practical multi-probe anechoic chamber setup, this 
implies a small measurement distance and a low number 
of probe antennas. In this work, we aim to reconstruct 
the single-cut FF pattern of the AUT based on single-cut 
NF data in a practical setup. A framework to investigate 
the single-cut FF pattern reconstruction accuracy is 
proposed in this work, as illustrated in Fig. 4 and 
explained below. 
1) The AUT is composed of ideal Hertzian dipoles, 
and therefore the AUT characteristics can be 
fully determined once the array configuration 
and array element excitations are set. 
2) The reference FF pattern can be directly 
calculated in Matlab according to the field 
distribution of Hertzian dipoles. 
3) The NF of the AUT at a distance 𝑅 can also be 
directly calculated following the field 
distribution of in Hertzian dipoles in Matlab. The 
NF single-cut pattern (i.e., with 𝜙 = 0∘) can be 
modified according to the compact anechoic 
chamber configurations: 
a) Single-cut operation. To obtain the 
single-cut FF pattern of the AUT based 
on NF data, the following procedure is 
used. The NF pattern at 𝜙 = 0∘  is 
selected and copied to all other 𝜙 -
values. Then the reconstructed NF data 
is used as the input data to obtain the FF 
pattern of the AUT using SNIFT. An 
example is shown in Fig. 5, where the 
NF AUT pattern at 𝑅 = 0.5 m and the 
reconstructed NF data is shown. Then 
the reconstructed NF data is used as the 
input data to obtain the FF pattern of the 
AUT using SNIFT, as shown in Fig. 5. 
The reconstructed single-cut FF pattern 
(i.e., with 𝜙 = 0∘) is compared with the 
target calculated single-cut FF pattern 
in Fig. 5. A good match can be 
achieved, while small deviations in the 
sidelobes and null depths exist. This is 
introduced by the single-cut operation 
of the NF data with a small 
measurement range. 
b) Single-cut operation with truncation of 
𝜃 range. The NF data can be truncated 
in 𝜃 , e.g., 30∘ to 150∘ to demonstrate 
the impact of truncation error 
introduced by a limited angle covered 
by the probe antennas. The NF data 
outside the truncation range is simply 
set to 0. Note that 𝜃 truncation is not 
seen at the output (FF) of SNIFT, while 
only the input data (NF) is truncated. 
c) Single-cut operation with increased 
sampling intervals. The sampling 
interval will have to be updated 
according to the number of available 
probe antennas in the measurement 
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system. The NF data (input) is re-
sampled according to the sampling 
interval. The FF data (output) can be 
interpolated to make the pattern curve 
smoother. 
4) The modified NF data at distance 𝑅  can be 
obtained via copying the NF pattern at 𝜙 = 0∘ to 
all other 𝜙-values. 
5) We can then obtain the reconstructed FF pattern 
of the modified NF pattern from SNIFT. 
6) In the end, we can extract the single-cut FF 
pattern from the reference and reconstructed 
results and compare. 
With the proposed framework, we can flexibly 
modify the NF data introduced by limitations in practical 
systems, i.e., measurement distance 𝑅, truncation of 𝜃 
range, and sampling intervals, and investigate the 
inaccuracies introduced by these limitations. 
 
III. SIMULATION RESULTS 
A. Measurement distance 𝑹 
The calculated FF pattern using Matlab and the FF 
pattern obtained from SNIFT (input data: calculated NF 
data at 𝑅 = 1 m) are shown in Fig. 6. The two single-cut 
FF patterns (with 𝜙 = 0∘) are shown in Fig. 6 (bottom). 
As we can see, a better agreement is achieved, compared 
to the results in Fig. 5 (with NF data at 𝑅 = 0.5 m). The 
improved accuracy is introduced by a larger 
measurement range, as expected. Generally speaking, a 
larger measurement distance would lead to less error in 
the single-cut FF pattern. It can be observed that the 
single-cut operation of the NF data will introduce 
negligible errors with 𝑅 = 1 m for the considered AUT. 
Therefore, in the simulation below, 𝑅 = 1  m is 
considered unless otherwise stated. 
 
B. Truncation error 
The next step is to investigate the impact of 𝜃-range 
truncation on the single-cut FF pattern accuracy. For a 
practical system, we aim to determine the antenna  
  
Fig. 5. Reconstructed FF AUT pattern in SNIFT (input 
NF data: modified AUT pattern at 𝑅 = 0.5 m and pattern 
at 𝜙 = 0∘  is selected and copied to all other 𝜙-values) 
(top) and comparison with target single-cut FF pattern 
(bottom). 
 
pattern key parameters using the minimal required 
number of probe antennas. The key parameters, 
including main peak power and direction, first null depth 
and direction, and first side-lobe level and direction, are 
concentrated around 𝜃 = 90∘ . Therefore, 𝜃 -range 
truncation might not affect the reconstruction accuracy 
of these key parameters. On the other hand, a large 𝜃-
range truncation with the same number of probe antennas 
(i.e., more concentrated probe configurations) also  




Fig. 6. Reconstructed FF AUT pattern in SNIFT (input 
NF data: modified AUT pattern at 𝑅 = 0.5 m and pattern 
at 𝜙 = 0∘  is selected and copied to all other 𝜙-values) 
(top) and comparison with target single-cut FF pattern 
(bottom). 
 
means a smaller sampling interval, which is beneficial to 
the pattern reconstruction accuracy. 
The reconstructed single-cut FF patterns with 𝜃 
truncation ranges [0∘, 180∘]  (i.e., no 𝜃  truncation), 
[30∘, 150∘], [45∘, 135∘], and [60∘, 120∘] are shown and 
compared with the reference single-cut FF pattern in Fig. 
7. As we can see, smaller 𝜃-range truncations (i.e., 𝜃 
truncation range [30∘, 150∘]  and [45∘, 135∘] ) do not 
deteriorate the pattern reconstruction accuracy for the 
main lobe, the first null and the first side-lobe. However, 
a large all 𝜃-range truncation (i.e., 𝜃  truncation range 
[60∘, 120∘]) leads to large deviations in the first null and 
also the side-lobe level as well. Therefore, the 𝜃 
truncation range should be properly set in practical 
measurement systems to balance the measurement error 
and measurement time. 
 
C. Number of probe antennas 
The number of probe antennas is limited in practical 
measurement systems, due to cost and measurement time 
considerations. Therefore, it is important to understand 
the impact of the sampling interval on the single-cut FF 
radiation pattern reconstruction accuracy. 
Following the standard spherical near field theory, 
the theoretical limit of the sampling interval is: 
 
 
Fig. 7. Reconstructed single-cut FF patterns with 𝜃 









.   (3) 
That is, Δ𝜃  should be smaller than 12.6
∘  without 
margin in principle to avoid errors introduced by under-
sampling. 
The calculated FF pattern using Matlab (with 
sampling interval Δ𝜃 = 5
∘) is shown in Fig 8. The FF 
pattern obtained from SNIFT using the modified NF data 
according to measurement setup ( 𝜃 -scan at 𝜙 = 0∘ , 
Δ𝜃 = 5
∘, 𝜃 truncation to [30∘, 150∘], and measurement 
distance 𝑅 = 1 m) is shown in Fig 8. The single-cut FF 
patterns are compared in Fig. 8, where a good agreement 
can be observed. This is expected, since the sampling 
interval satisfies the theoretical limit. The truncation 
operation would introduce some deviation for the 
angular region outside of the truncation region, as 
explained. This measurement system configuration 
would result in around 25 probe positions. 
To be consistent with the simulation results shown 
so far (i.e., with Δ𝜃 = 1
∘), the output FF pattern from 
SNIFT (i.e., with Δ𝜃 = 5
∘) can also be interpolated, as 
shown in Fig. 11. Note that interpolation can be used to 
smooth the curve, while the reconstruction accuracy 
cannot be improved. 
 
 
Fig. 8. The reference single-cut FF pattern and the 





Fig. 9. Reconstructed FF single-cut pattern with 
sampling intervals Δ𝜃 = 7.5
∘, Δ𝜃 = 10




In Fig. 9, the 𝜃  truncation range is kept at 
[30∘, 150∘]  and interpolation is applied. Sampling 
intervals Δ𝜃 = 7.5
∘ , Δ𝜃 = 10
∘ , and Δ𝜃 = 15
∘  are set, 
respectively. As we can observe, if the theoretical limit 
is satisfied (i.e., Δ𝜃 < 12.6
∘ ), no errors will be 
introduced due to sampling. However, if the theoretical 
limit is violated (e.g., Δ𝜃 = 15
∘), large deviations in the 
main lobe, side-lobes and nulls can be observed. 
Therefore, for single-cut FF antenna pattern 
reconstruction, it is important that the sampling criteria 
satisfies the theoretical limit.  
 
IV. CONCLUSION AND FUTURE WORK 
In this work, the focus is on how limitations 
introduced in practical antenna measurement setups, 
e.g., measurement range, truncation error, sampling 
intervals would affect the single-cut far-field pattern 
reconstruction accuracy of the AUT. To address this 
problem, a simple and flexible scheme is proposed, 
where the near-field data can be generated and modified 
according to practical setup constraints. In this way, we 
can easily check how the reconstruction accuracy is 
affected by different settings. A 4 × 8 UPA composed of 
z-oriented ideal Hertzian dipoles with element spacing 
0.65𝜆 at 3.5 GHz (i.e., 56 mm) is utilized as the AUT. 
Extensive numerical simulations have been performed to 
demonstrate the impact of measurement range, 
truncation error and sampling interval on the 
reconstruction accuracy. We have shown in numerical 
simulations that we can accurately reconstruct the single-
cut far-field pattern of the considered AUT with 𝑅 = 1 
m, a truncation range of [30∘, 150∘] , and a sampling 
interval of 10∘. 
There is some logic extension of the current work. 
The numerical simulations in the work are based on an 
UPA with ideal z-oriented Hertzian dipoles. It is of 
interest to investigate how well the proposed scheme 
works with more realistic antenna arrays (e.g., CST 
simulated or real array). The analysis is based on one 
specific case of AUT element excitations as explained in 
the AUT configuration section. We can also repeat the 
procedure to check more AUT excitations, to see 
whether the considered scenario is typical. For truncation 
error analysis, the data outside the truncation range is 
directly set to 0. We can also investigate whether we can 
improve the reconstruction accuracy by applying 
window-function with the truncation. Furthermore, 
probe pattern correction should be considered for real 
measurements, which is not considered in our current 
work. It is also logic to investigate how the well 
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